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nTnODUCTION STATT OF T ProSL=-

It has been noted by the U. S. Army that the new magnetic circuit designs being
considered for microwave and millimeter wave tubes require permanent magnets with
high energy products, i.e., (B)max. greater than 30MGOS, low reversible tempera-
ture coefficients of magnetization, and linear demagnetization durves. To attain
such materials, preliminary studies were made by the U. S. Army at Ft. Monmouth
(ET&DL) on the alloy So 2 (Co,Cu,Fe,Zr,Cr) 17. This type of alloy, without the
chrhmium, was first developed by T. Ojim- and coworkers (Jpn Jrnl Appl. Phys.
16, 671 1977) in Japan., They detmmined, strictly on a heuristic basis, that
zirconim increased the coercive force and that the optimum alloy was
ai2ColOFe3.16Cul.48BrO194. It had an energy product of 3OMGOe for a particular
heat treatment. F. Bothwarf, at al, (Jrnl. of Appl. Phys. 50, 2352, 1979) of the
U. S. Army, Ft. Noamuth, investigated the effects of Mn and Cr substituents and

a different heat troeant on the saturation magnetization, the t erature

coefficient., and the anisotoy field. They noted a large increase in the magnetic
anisotropy with an opmum value at rom tasprature of -- O.5 for chromium.

We have used the technique of asbauer SpectroscoWy and Nuclear Magnetic Resonance
to measure the hyperfine field, the electric quadrupole moment, and the isomer
shift of the iroa nucleus, the cblt nmlelas, and the samaria nucleus in the
presence of different locl nviromwent taus"4 by a) the addition and deletion
of various constivients, and: b) by different heat treatments of the ft 2 (CQ,*
Br, Cr) alloys. ve. have dome tui in order to understand the role of the various
s tus and of the astaflutoal tmeatment with a view to gaining insight
c r optium procedue for the production of Imroved permanent magnets.

All results Lucludizg thaf fisbad below have been repo&1--, n the above referenced
scientific journae'.

Me basic findins, as de ed frab the Ndesbaver and sero-.i spin-echo MS
exeIments can be collected into and discussed as five main points. They are:

2. The addition of caoer, as show by $Co 9M, causes a precipitation of free

cobalt wA a sdseqmant"StWIftIn" of the domain wall, The ft 2:17 Mossbauer
data show a lax"e ln ase in the asount of free iron while both the - and the

boimseber data on the 2:14*8 alloys show the formation of an F-Co phase. the

S2-
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FINAL REPORT: From D.I.Paul, Contract DAAG-29-81-K-0046

SUMMARY OF MOST IMPORTANT RESULTS: (Continued)

lack of an Fe-Co phase in the stoichiometric 2:17 alloys comes
about from a lower solubility of Fe-Co in the 2:17 alloys and a
smaller percentage of iron relative to cobalt in the Fe-Co phase
(thereby decreasing the signal-to-noise ratio of a Mossbauer
spectrum.)

The increased stiffness of the domain walls can be explained by
the copper replacing the transition metal atoms of the 1:5 phase,
thereby degrading its magnetic properties - the end result of
which is a stiffer domain wall and a larger coercive force.
Step heat treatment of copper containing alloys generally results
in an iron diffusion out of the 1:5 phase. This, in accordance
with experimental evidence of the greater solubility of copper in
the 1:5 phase relative to 2:17) reinforces this explanation.
Further, the lower than usual hyperfine fields of the 2c and 3g
sites of the 1:5 phase, as determined from Fe Mossbauer on our
2:14.8 alloy are consistent with a replacement of transition metal
atoms by copper atoms in the 1:5 phase.

2. The addition of iron (normally used to increase Br) causes the
formation of an Fe-Co phase when copper is present unless other
action is taken to suppress its formation (such as adding zirconium
plust a step heat treatment or chromium. This iron also causes a
precipitation of free cobalt to occur and decreases the intensity
of the Co-Co pair lines as observed by Co NRM. The Co-Co pairs
occupy a samarium crytal site in the 2:17 phase. A substantial
decrease in the amount of Co-Co pairs is very desirable because
of the increased anisotropy which would result from the greater
occupancy of these sites by samarium atoms.

It is interesting to note that there was no Fe-Co phase found in
the 2:17 alloy Sm Co Cu Fe This indicates that the two
phase structure i nO av~tbl 't high tempratures (11800C.,
the temperature from which the alloys are quenched). An Fe-Co
phase, in addition to free iron and cobalt, would be expected in
the case of 2:17 alloys as a result of the formation of some 1:5
phase.

3. The effect of zirconium and a step heat treatment is the com-
plete suppression of the Fe-Co phase and a further enhancement
of iron diffusion out of the 1:5 phase and into the 2:17 4f
crystal site - thereby decreasing .the planar anisotropy contribu-
tion of this site and increasing the axial anisotropy of the 2:17
matrix. This, in conjunction with the Sm NMR result that the
zirconium does not change the samarium hyperfine fields (the zir-
conium is going into the 1:S phase,eplacing a samarium atom)
clearly confirms that the magnetic properties of the 1:5 phase
are degraded while those of the 2:17 matrix are enhanced - caus-
ing a more effective pinning of the domain walls in agreement
with the experimentally observed increase in coercive force.
Without a step heat treatment, the only beneficial effect of a
zirconium addition is a partial decrease in the amount of detri-
mental Fe-Co phase.

- 3 -



FINAL REPORT: From D. I. Paul, Contract DAAG-29-81-K-0046

SUMMARY OF MOST IMPORTANT RESULTS: (Continued)

It has been postulated that the chemical redistribution of the
transition metal atoms occurs during the 400 0 C portion of the
step heat treatment. Although the 4000C portion of the step
heat treatment was not tested solely, it can clearly be seen that
the iron content of the 2:17 phase increases relative to that of
the 1:5 phase upon step heat treatment - strongly supporting the
previous postulate.

We also note the small amount of paramagnetic imp rity which was
detected by Fe Mossbauer spectroscopy. A recent study by Hadji-
panayis et al has determined that besides the magnetic phases
found in a 2:14.8 alloy, there are also non-magnetic copper-rich
precipitates. Although these precipitates have eluded efforts
to determine their exact crystal structure and micro-composition
up to this time, it is postulated now that the paramagnetic
impurities detected in our work and the non-magnetic precipitates
found by Hadjipanayis et al are one and the same.

4. The addition of chromium to this same sample sans the zirconium,

Sm2(CoFe,Cu)14.8, completely suppresses the Fe-Co phase but does
little to affect the iron population of the 2:17 4f crystal site.
The addition of chromium to Sm2(Co,Fe,Cu)14.8 with a step heat
treatment is very effective at facilitating iron diffusion out of
the 1:5 phase but the 4f site population remains approximately
constant. Therefore, there should be no enhancement of anisotropy
by preferential crystal site substitution. In this way, it can be
seen that the chrolnium performs only partially that which ziroonium
is known to do, i.e., facilitate iron diffusion out of the. 1:5
phase and into the 2:17 phase (expecially the 4f site of the 2:17
phase). The increase in anisotropy upon the addition of chromium
to these rare earth-cobalt alloys can be attributed to band
structure changes but the resulting slight increase in coercivity
is certainly due to the decrease in the iron content of the 1:5
phase as detected in this work.

5. The addition of both chromium and zirconium simultaneously
to Sm2(Co,Fe,Cu)14.8 causes an increase in the amount of iron in
the 2:17 phase relative to the 1:5 phase and a substantial in-
crease in the iron population of the 2:17 4f crystal site. This
indicates that although the addition of chromium and a step heat
treatment is very effective at facilitating iron diffusion out
of the 1:5 phase, the zirconium is needed to incorporate this
iron specifically into the 2:17 4f crystal site. The chromium
effectively serves to enhance the "zirconium effect" of para-
graph 3.

The manner in which this is done can be explained by looking at
the results of Rabenberg et al. Although their alloys did not
contain chromium, they believed that the 11Z" phase plates, a
zirconium rich 1:3 phase, served as highly efficient diffusion paths
for the transition metals. The enhanced diffusion of transition
metals upon the addition of both zirconium and chromium is caused

-4-
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FINAL REPORT: From D. I. Paul, Contract DAAG-29-81-K-0046

SUMMARY OF MOST IMPORTANT RESULTS: (Continued).

by the chromium further increasing the diffusivity of these
"Z" phase plates. These "' phase plates tend to be rich
in copper, zircoritm, and probably samarium. It is probable that
the paramagnetic impurities detected by our FeMossbauer spectrocopy,
the non-magnetic precipitates found by Hadjipanayis (See #3 above),
and the Z phase plates-of Rabenb3rg et al are all one and the same.
The site population changes and enhanced diffusivity that occurs
as different elements are added is also caused by the natural
minimization of the strain energy due to lattice misfit between
the different phases and the fact that the equilibrium compositions
of the different phases at 400 0C are more dissimilar thaa those
found at the higher temperatures of the step anneal heat treatment.
Different alloying agents and heat treatments case the a and c
lattice parameters to vary differently and diffusion of different
elements will halt upon reaching a minimum in the stresses which
are caused by the lattice mismatch.

Important effects in regard to the enhancement of the magnetic
properties of these alloys can be related to the individual time
spans of the low temperature step heat treatment. One would
prefer a 2:17 cell size of about 1000A and a 1:5 cell boundary
of about 50A, thus ensuring that the appropriate diffusion
processes and domain wall pinning effects will occur. This re-
quires a short heat treatment at 8S0oC since the cell structure
coarsens during this particular step of the heat treatment. In
contrast, diffusion which occurs primarily at 400 0C - 6000C is a
slow process and longer heat treatment times are required to en-
sure that the diffusion process has been carried to completion.
Raising the heat treatment temperature is not the answer since
this would also increase the rate of macrostructure coarsening
besides the fact that some phases are unstable at higher tem-
peratures. Other alloying agents which diffuse faster but have
the same effect as zirconium (that is, enhanced population of
the 2:17 4f crystal site) need to be investigated. Some which
are being looked at by other investigators are vanadium,
manganese, titanium, nickel, and hafnium. Besides the different
alloying agents, the "Z" phase plates of Rabenberg et al are
suspected of greatly facilitating the diffusion of copper, iron,
and aamarium. Control of the stability of these phase plates
dhould go a long way towards establihsing the ultimate magnetic
chacteristics of these Sm2(CoFeCu,Zr,Cr)14.8 alloys.

AjQ "(7 A:



FESNORICTIC COWRIVITY OF 3.-CO ALLOWs)
E. Potenziefni.b) K.S.ChoeC) and 0.1. pavid)

Columia University. MY. MY 10027
ABSTRACT

We hae investigated the Sm2(CoFe.Cu,ZrCOWS4 00sbaver and HIS sampes diverge from this point on.

permanent magnets by Hilt using both the Co an S For the NM sample. the 2:14.8 homogenized button
nuclei and by Mossbauer spectroscopy using the-Fe was ground under sodium mtal-dried toluene in a conven-

* nucleus. A full set of samples was prepared, each con- tional bill milling apparatus. The slurry was then vac-
taining an additional constituent regarding its prod- uu dried and sifted to a 10-40 micron particle size
ecessor. Samples were analysed. both prior to and after which is large enough to ensure that several domainwlls
step annealing designed to precipitate out a uniform are present in each particle. About 15 grams of this
2nd phase structure. Our findings are: 1) the addition powder were sealed in an epoxy binder and aligned in a
of CU precipitates out Fe and Ce; noting the shift In magnetic field of several kilogauss while the epoxy was
the hyperfine field concurrent with this precipitation,. allowed to cure. The magnetic field mechanically rotates
one can assum the replacement Of these transition each particle so that the net magntization Is parallel
metals by the Cu. 2) the addition of Fe causes sam to the applied field, thereby giving us a strong domain
substitutional displacement far the Cc with the remain- well resonance when the rf is applied parallel to this
der being Undissolved In as Fe-Ce phase-this increases alignment direction.
the rememnce 3) further removal of free Fe is acco.- Te- eupotadmto feh esrmn a

plished~~~~~~~ thoW hmdiinofZ n usqet similar to that described by Streever and UrianoE7J. All
step eamel ; thus Zr helps Increase the rem"mCe by d
dissolving Ft; 4) the second, and rm Important. tole N dte were obtained at 4.2K using an exposed tIP low
of the Zr Is knew to be Va increase in, the co iv temerature doer which fitted into the resonant rf
force, our results indicating that Zr preferentially cavity.
substitutes in the 1:5 pbese-problably replacing the The zero-field spin-echo spectra were obtained by
ft-losriag tile mgeIc p oper ties of the Cel lular the conventional method of plotting echo amplitude ver-
boundsry 3:11" ae causin it to "xer a more effec- sas frequency while keeping pulse width (1-415)&nd pulse
tive pianie of the domin walls.1 in arent with ex- separation (10-40os) constant. Because of the short re-
parimental tiMis 5) the addition of Cr with Zr laxation times Involved r(50-200 Us). the sample was nevor
cause the pe*efoal subetitetion of F e t the 4f fully saturated, even at high pulse repetition rates.
Ms of th 2:37 ohese thaokv nrwesng th aise- The resulting echo spectra were not corrected for the

* tropy ad facilitating tile remmal fathe Fe-Co Phase. frqunc dePenec of the Induced echo signal and nu-
This presnts of ~~ ~leer polarization. A total correction was made. however.

fnTis the t e Oftt of a costme ithamtaheic he determining the relative per centoa of a particular
fulctions ofees u t itenalse of a mc Wroscop ic pa to a total spectrum. As such, all the relative per-
41ha s b e a ble obe aaye na irsoi cant intensities quoted herein are local to a perticilar

spectrum.
- ~ IO I -1WNIT For all the Ifsbaver samples. isotope enricheent

The family ofco- undbased am%CoFKVuZrCr) 14.8  was necessary because of the low natural abundance of
is of comsidevable Interest becams of its high-energy the SFe Isotope and the high complexity of the spectra-.

poct a~eorsalm ust *adCretn Our samples were of about 30 mg/rn-cm thickness.
ter4~so~thee etimitio ,f~~g agntic harc-he Msbouer equipment used consisted of a conven-

tor~tis o thsemterials has been dome mainly by tional constant acceleration transducer with a 1~mi
apirical methods. but the mane by which the differ-
ent constftweoets and heat treeteests affect tihe micro- "7co on rhodit. radioactive source and ent argon gas pro-
structur end mantic properis Is not always knowI portlopal com te. The resulting spectra, which, in
empl icity sdIs the basic reeson for this Investigation. sam case, consisted of as many as 49 overlapping Lo -

Us have peormed zero-field spin-echo 114 on th .... tzism lines, were analysed by computer (S] and graph
S7 leal~g] methods. Ne used the relative magnitudes of the

V*jom and "Co nuclei at 4.2K ad ~ft Mitbawe at 300K. hyperfine fields, as well as their relative Intensities
fth resulting Ofsbuer and Mspectre were examineodas in assigning specific lines to the different crystal

andt NO eatmU ents were varied eys- sites.
emtif~i a ttept to determine their effect one EWLTS AND INTERPRETATION

microscopic scale. A mere detailed ON examinetion of
toe basic so,? 1  alloy earn be found Insa previous paerf ]. sow typical MMS and ifsbuer spectra are shown In

Figure I and t. To help clarify the cobalt and sanurii
Mdiscussion, we will first explain a few of the term

usedTA a : 1) ca lsit lnsrefer to the four lines due
Who Mseis of menstoichismtric 1:14.5 alloys was to the foii~1iile nt cobalt sites Of the 2:17 Phase;

ekeained or inducteIoeting the Prope ementiof 99.1 2) f "beit !It"$ refer to the lines due to free ca-
01Mre, Or Ireeer, mtals In *horon nitride crucible under bal . 0 boxgoool and cubic phases; 3) Fe-Co liftj
IS ats of argo beiposera. Iho 2:14.5 buttanwes seb refer to lines originating from an Fe-Co I;Pritmhse.

se ly Ihmionied in en evocueted quarts vessel at There are several Important points that must be kept
W or oWUr s and tam = 1d quenched. "'ose is mind as on examines these spectra. First, the NHR

olloys containing copper were also sue td to a sto sIa which we detect comes from the domain wells, as
of ors~ U09C. 1-/ hours a

~Ru at peeS hour at such, both the enhancement factor and the relaxation
UFC~mdllhour at SOC Furher reehnt f ~ times ae Inversely dependet upon the difference in the
400C 41W11 ft" t M . Fothe tru"" magne=Vtic astiffnesso (asistropy and exchange) betwe

Usnusript eceivd on une 0311te n in which the domain wall lies and the pinning
,port~ AUContMc No. OLMS4414400e m 0hseb12]. * Scase the 1:5 boundary phase is nulea-

I jSL~1." ft. Mammoth, NO 0770 ties-control led ad Is of the ore of the wall width,
1~~y 1IN, sat FI~khIflfi W we believe that our 10si I oriiates from the 2:17

diur 1ty: JI-Semoel Products Siv..Tusn AZ 05744 hest matrix. Second, the imes originating from the



*(possibly 1:)andtherebY -stiffening' the dimiainwall.
Th0diino rnt he'2048OO eu s

Uin the precipitation of some free cobalt and the forim.-
g tic. of son Fe-Co phase while the samart u hyperfine

* fields show an expected decrease. This comes about be-I cause both cobalt and iron have a negative contribution
to the samarium hyperfine fieldsbymeans of the RKCV in-

- teraction. with Iron having the larger negative contri-
U bution.

*1The addition of copper to the %0C011 .6 7Fe3 .16
alloy with a step heat treatment results in the complete
disappearance of the cobalt site lines due to the In-
creased rigidity of the domain wails. Relaxation times
are now too short to obtain any further samarium NIP

io 200 250 X1 data for the more complex alloys.
FMAmPc, (Me)

FIGM 1. TrnCoAL CCc e NOm-~ -PCM u ATm a?.2 KuM SiCon., 1 6 The additionof zirconium to Sa.2Co10 129F 3 .16Cul. 48
CU.SWITH1 A MP MA IAM with a step heat treatment results In the complete sup-

pression of the Fe-Co phase. An interesting effect is
8 observed upon the addition of chromium to this zirconium

containing alloy without astophbeat treatment: the Fe-Co
phase, which previously required a step heat treatment of

* the chromium def'icient alloy, is suppressed. Also. the
I cobalt site lines reappear Implying& *softening" of the

I *. .domainwall. i.e..,theanisotropy of the 2:17 and 1:5
phases becoming me similar. When we now step heat treat
this %mCo1 415Fe3 . ,Cu,.4SZr.,, 4Cr., alloy, the cobalt
site lines once again vanish, Implying a *stiffening"

of the domain wall.
13 Because of the large number of iron f~ssbauer

spectra.* we have sumarized the important parameters
such as hyperfine fields and site population ratios inTable 1. The site intensity data does not compensate8 for any difference In the recoil -free fraction between6 wsites, but since interest Is in the relative change In site

.1 .00 4i.00 '4.00 or-s .ee a0m 01. population betweeni samples, this is of no concern here.
VELOC ITT imN/siC)" For the basic S 2 o 1 *Fe3 1 alloy we did not

Pum2.TAL IIhbU W(ClI A IM IK * VINl . detect any second phase, possibly due to an iron defi-
ALLO %., ~.1 .diC~e~ 616 ASTE SET ~ciency of this phase. There was some free i ron produced.

Fe-Co phase have frequencies of approximately 230 Paiz(131.. , e * * q p
The exact frequencies and number of Peaks depend upon the V4

2 ~mount of disorder present and the relative amounts of j4 *

iron.-to cobalt.. Third. those lines due to free cobalt, .

of both hexagonal and cubic structures, hae frequencies ~ *
from 215 to 230 ogzrl-16J. Fourth. the resonace ies I..- A ~
in the 115-195 MUIZ range are due to the four I nequivaleant , f $
cobalt sites. Those lines In the 400-650 lt range cr1- ~- L. . _

ginata from the rare-earth sites: one in the ihoubohadral IM Vwe 13OWm XM w Mm an M04ll')13MO bM MM9
structure I& and two sites In the hexagonal structure SI"I6 __to Sa'* 3IMAS143N pull J~h
P63/mc. Fifth, because of the short relaxation times
for these sites (on the order of 100 us),ospecially the ~ " ~*Pt 0 94404 '
rare-earth site, the resonance lines can become undect- M 9(121)a~ ~4 HM.214
able quite easily once the domain wall enters a magnet- am9 MM*' -_' lES294(114 H twi 24190 3"11(9141
Ically hard region. a Ma11 3WO IVIN *9"01a

Upon the addition of zirconium to 9m2CO14.t 111 lIAa ) 1446424) hWIA Mt 4Jl-br4

di s~PerancA of the four cobalt site lines~down to a Is -aIw 314
salbackgrouNdI) was obser ved alongwith the appearance __me Ms II __ U)

o*oefree cobalt. The treces of the fourcobalt site
tns which remain show that their hyperine fields hae~ ITU I vom vim"1 V "aE SIMIn o15 i NINSIn

mtchanged. The S M spectrum shows that the addli- IMUNtiVII IliPMIMMS __ noom. *1.4 MAe AV MO K
tin of zirconium does net chae Mh siarlumltj'perfine Tha addition of copper to the C 1  Fe 6

fields. These facts show thatith zirconium gos In Sub- $2O16'31
stitutionally for ti s soe m ehow e nodif obsenc edimplyong ofutesa thereatn o sotnwd heat thaealso
in our work that the. Co and So ftS spectra of the found in the NS Spectra) end some 1:5phase,$ regardless

thtIh domsawlsrsosbefr~etsinlIt '2oO t* 14 ain o itIn the
in the 2: 17 phase. Thus our l ack of chag of the hyper- 1:5 phase decreese$ by about S9 while the Uamnt of detec -
fine fields upon the additionof zirconiumfurtherimplies telfree I ron and Fe-Co remains the sam. The I ron IIf-
that the zirconium enters a Mn pharse rather than the fusing out of the 1:5 phseo Into the 2:17 phae deem t
3:17 phase. The decrease lin the intesity of the cobalt seem to show any preferential sit substitution. The
Ite lines could a"m about fines the icnimd graig reaso for the concern of the site popultion In the

the magntic propeties of an exiting sen Phase 2:17 matrix Is that the impruomt Is the anisotropy of

V,.



Iran Containing alloys can be explained on the basis of' 3) The effect of zirconium and a step heat treatment is
preerential crystal site substitution[171. The iron the complete suppression of the Fe-Co phase, further

atom cangVopreferentially into the 4f site (Wyckoff nota- enhancing the diffusion of iron out of the 1:5 phase.
tion. hexagonal 2:17 phase)- this sit@enomally having a and enhancing the Iron substitution into the 4f site.

Strong planar anisotropy. H6owever, because the iron thereby decreasing the planar anisotropy contribution of
couples less strongly than the cobalt, the planaraniso- this site and Increasing the axial anisotropy of thea&Iloy
tropy contribution of the 2:17 phase is decreased. The as a whole. This. coupled with the So NH result of the
resulting difference In anisotropy between the 2:17 and zirconiu, possibly gIng into the 1:5 phase(rePlacing
1:5 phases yields a greater coercive force(IS]. a samarium atom(20]), would mean that the magnetic prop-

The aditio of rties of the 1:5 phase are degraded while those of the
Theaddtio ofzirconium to Sm2Co10.19Fe3 1I6CuI.48  2:17 host matrix are enhanced causing more effective

in and b itpennphaseob the domain walls. in agreement with experi-
(also seen in th M pcr) u nrae the amounting
of freiron (a free cobalt increase was also seen in the 4) The addition of chromium to Sm2 (Co.Fe.Cu) 148,. regard-
Co IM4). The intensities of the 1:S and 2:17 phase less of the heat treatment, does little to affect the 4f
crystal sites remain approximately the sawm. The step site population of the 2:17 phase. However, a step heat

hea tratentofthi S~Co~F 31 6Cu, 4 6Zr1 964 treatmnt of this chromium-containing alloy Is very
alloy results in the complete suppression of any Fe-Co effective at facilitating i ron diffusion out of the 1:5
phase (as also seen In the Co 1144) and a halving of the phase. The fact that the population of the 4f site re-
amount of free iron. There is also a marked increase in mains constant implies that although both zirconium and
the 4f site population, indicating a decrease in the Iron chromium are effective in causing the diffusion of iron
content of the 1:5 phase. This is what one would expect out of the 1:5 phase. zirconium is needed to incorporate
with the higher anisotropy of this alloy. this iron into the 4f site. The enhancement of the an-

We heve also investigated theeffectof chromiumon isotropy of alloys containing chromium but-no zirconium
these alloys, with and without zirconium. The addition may be due to band structure changes.
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